Purpose: We examined the utility of a three-level familial risk stratification system as a screening tool for diabetes in a nationally representative sample of the U.S. adult population. Methods: National Health and Nutrition Examination Survey data were used to assess the prevalence and distribution of familial risk for diabetes, the association between three levels of familial risk and undiagnosed diabetes, and the use of familial risk as a screening tool for diabetes, alone and in combination with body mass index and age. Results: The prevalence of undiagnosed diabetes was 3% and increased with increasing familial risk (average ϭ 2%, moderate ϭ 4%, high ϭ 10%). High familial risk was significantly associated with undiagnosed diabetes (adjusted odds ratio ϭ 4.6; 95% confidence interval: 1.9 -11.3). The use of a three-tiered familial risk stratification for diabetes screening yielded higher specificity (94%) and positive predictive value (9.9%) for high familial risk than body mass index Ն25 (specificity ϭ 38%, positive predictive value ϭ 4.2%). High familial risk and body mass index Ն25 combined had higher specificity (97%) and positive predictive value (13.4%); the addition of age Ն45 years further improved positive predictive value (21.0%) without reducing specificity. Conclusions: There was a strong and proportional association between familial risk and undiagnosed diabetes, suggesting that a three-tiered assessment of familial diabetes risk may increase the effectiveness of diabetes screening. Genet Med 2006:8(12):752-759.
Type 2 diabetes mellitus (T2DM) is a common and costly disease in the United States and worldwide. [1] [2] [3] [4] According to estimates based on 1999 to 2000 survey data, 16.7 million U.S. adults aged 20 years or older (8.3% of the U.S. adult population) had diabetes, but only 71% were aware of their disease status. 4 T2DM is an insidious disease with prolonged asymptomatic stages that can be detected through available diagnostic tests. 5 However, the frequent presence of characteristic microvascular changes at the time of diagnosis suggests a 2-to 10-year lag between disease onset and eventual diagnosis in many cases. 1, 5 The large number of U.S. adults with undiagnosed T2DM demonstrates the need for earlier identification of the disease, especially given mounting evidence that diabetes can be prevented or delayed among high-risk adults with timely and intensive intervention. 6, 7 Unfortunately, there is currently no consensus regarding mass screening for diabetes among asymptomatic populations. 5 Moreover, although most medical organizations, including the U.S. Preventive Services Task Force, the American Diabetes Association, and other national and international societies, recommend opportunistic diabetes screening in certain high-risk groups, their screening guidelines are often inconsistent and ambiguous. 5 For example, although obesity, membership in certain racial/ethnic groups, and a family history of diabetes are indicators of high risk in the screening guidelines of most organizations, these risk factors are often poorly defined, and the definitions vary by organization. Thus, better characterization of high-risk individuals remains a clinical and public health priority.
A family history of diabetes is a known risk factor for diabetes and a criterion for screening in most current guidelines. 5,8 -10 However, the complexity of family history, which represents a combination of genetic and environmental risk factors and their interactions, is often overlooked in defining familial risk of disease. Typically, most family history-based screening is based on a crude definition of the presence of diabetes in any family member, irrespective of the degree or type of relatedness or number of affected relatives. 8, [11] [12] [13] [14] More refined familial risk stratification may have the potential to provide a valid and reliable screening tool with better resolution of disease risk while remaining simple and potentially cost-effective. Family history information can be used to classify individuals or groups of people according to different levels of familial risk such as average, moderate, and high. Further, this more refined assessment of familial risk can be combined with assessments of other known risk factors such as obesity and age to develop an even more robust family history-based screening tool. Finally, family history can be used more broadly as a populationbased screening tool for identifying groups of people at high risk for the disease that can benefit from a more thorough clinical evaluation. Such targeted screening could result in more efficient allocation of resources and more effective policies and practice guidelines.
The purpose of this study was to examine the utility of a three-level familial risk stratification system as a screening tool for diabetes in a nationally representative sample of the U.S. adult population. The specific aims were to describe the prevalence and distribution of various levels of familial risk for diabetes, to examine the magnitude of the association between familial risk categories and diagnosed and undiagnosed diabetes, and to evaluate the utility of family history as a screening tool, both alone and in combination with two other important risk factors for the disease: overweight (body mass index [BMI] Ն25) and advanced age (Ն45 years).
MATERIALS AND METHODS

Population
The data used in this study are from the 1999 to 2002 National Health and Nutrition Examination Survey (NHANES), the most recent 4-year period for which NHANES data are available. NHANES is an annual survey designed to provide nationally representative estimates of the health and nutritional status of the civilian noninstitutionalized U.S. population. 15 A complex probability sample design is used to produce unbiased estimates that are representative of the U.S. population. NHANES data are based on personal interviews and physical examinations of survey participants, the latter of which include biologic measurements such as fasting plasma glucose (FPG) levels. As such, NHANES is the only nationally representative survey that can estimate the prevalence of diagnosed diabetes (self-reported) and undiagnosed diabetes (measured). During this time period, 83% of all eligible participants were interviewed, and 78% received a physical examination.
Sample
Data from annual surveys conducted during the 4-year period from 1999 to 2002 were combined to represent a single survey as recommended by the NHANES analytic guidelines. 16 The study sample consisted of 9696 nonpregnant adult respondents, aged 20 years or more, who were interviewed, 8511 of whom underwent a physical examination. To estimate the prevalence of undiagnosed diabetes, we further limited the sample to 3823 participants who were randomly selected to receive an FPG measurement. This subsample is similar to the original sample in all characteristics and is weighted to maintain representativeness of the U.S. population.
Variable definition
Diabetes status was ascertained as follows: Respondents who reported having been told by a doctor or a health professional that they had diabetes or "sugar diabetes" other than during pregnancy were classified as having diagnosed diabetes (n ϭ 991); those with an FPG level 126 mg/dL or greater but no medical history of diabetes were classified as having undiagnosed diabetes (n ϭ 150).
Demographic information was collected at the time of the interview. Age, income, and education were categorized to facilitate comparison with U.S. Census data. Race categories were based on NHANES classifications. Participants' BMI, calculated as weight in kilograms divided by height in meters squared (kg/m 2 ), was based on measurements recorded during the physical examination, and participants were divided into three categories (normal weight or below, overweight, and obese) on the basis of their BMI. 17 Participants' family history of diabetes was ascertained by the following questions: "Including living and deceased, were any of {SP/your} biological, that is, blood relatives including grandparents, parents, brothers, sisters ever told by a health professional that they had diabetes?" For "yes" responses, participants were asked to specify which of the following biologic relatives were affected: mother, father, mother's mother, mother's father, father's mother, father's father, brother, sister, and other.
By using the number and type of affected relatives, we classified respondents into three familial risk levels according to the algorithm that follows, adapted from Scheuner et al. 9 High: At least . . .
• Two first-degree relatives (parents or siblings) with diabetes • One first-degree and two second-degree relatives (grandparents) with diabetes from same lineage Moderate: Only . . .
• One first-degree and one second-degree relative with diabetes • One first-degree relative with diabetes • Two second-degree relatives with diabetes from same lineage Average:
• Only one second-degree relative with diabetes from one or both sides of family • No family history of diabetes This classification has been proposed by us and others as a standard for a three-tiered familial risk stratification scheme. 9, 18, 19 In this context, the term "average" risk is used to indicate a baseline population risk of developing diabetes with minimal or no familial risk of diabetes.
Statistical analyses
All estimates were weighted using fasting morning sample weights to obtain unbiased estimates following NHANES analytic guidelines. 20 Statistical analyses were performed in SAS 9.1 (SAS Institute Inc., Cary, NC) and SAS-Callable SUDAAN (Research Triangle Institute, Research Triangle Park, NC) using procedures that calculate appropriate standard errors on the basis of the multistage stratified survey sampling design.
Overall and stratified prevalence estimates and their 95% confidence intervals (CIs) were calculated to examine significant differences and to highlight the variability in estimates in the smaller subgroups investigated. Multivariable logistic regression was used to examine associations between familial risk and various risk factors and diagnosed and undiagnosed diabetes. Because the odds ratio (OR) tends to overestimate, and thus is not a good approximation of the relative risk when the outcome of interest is common, 21 marginal predicted probabilities from the logistic models were used to obtain relative risks for comparison with the ORs. The analytic validity of age, BMI, and family history as screening tools for diabetes was evaluated.
RESULTS
Prevalence of family history by risk level, diabetes, and other risk factors
Only 2% of respondents refused to answer, and less than 1% indicated a lack of knowledge when asked about the history of diabetes among their blood relatives, suggesting a high level of awareness of the disease among family members. Approximately half (48.3%, 95% CI: 46.3-50.2) of all respondents reported having at least one blood relative with diabetes. This proportion was higher among those with undiagnosed diabetes (59.3, 95% CI: 51.1-67.5) and highest among those with diagnosed diabetes (75.8, 95% CI: 72.5-79.2). Table 1 displays the distribution of select demographic characteristics and other diabetes risk factors in the total population overall, as well as stratified by familial risk. On the basis of the familial risk stratification criteria provided above, 7% of participants were classified as being at high risk for diabetes, 23% as being at moderate risk, and 70% as being at average risk. The results showed that women were more likely to be in the moderate-and high-risk groups than men, that those in the 40-to 59-year age category were more likely than those in other age groups to be in the moderate-and high-risk groups, that those in the 20-to 39-year age category were most likely to be in the average-risk category, and that the percentage of whites in the high-risk group (57%) was less than the percentage of whites in the total survey population (71%). In addition, the results indicated that people with low income and low education were more likely to be in the moderate-and high-risk groups, and that more than 80% of survey respondents reported having some type of insurance irrespective of familial risk. The overall prevalence of obesity was high (30%) but was even higher among those with moderate and high familial risk of diabetes (37% and 42%, respectively).
The prevalence of diagnosed diabetes (self-reported) was estimated to be 7% in the total population (Table 2) , whereas 3% of nonpregnant respondents without a medical history of diabetes were found to have an FPG level of 126 mg/dL or greater, indicating undiagnosed diabetes (Table 3) . Also, the prevalence of both diagnosed and undiagnosed diabetes increased attendant with increasing familial risk. The prevalence of diagnosed diabetes was associated with the level of familial risk among both men and women and across all age, race, income, education, and BMI categories ( Table 2) . Similar information for undiagnosed diabetes is summarized in Table 3 . As shown, the prevalence of undiagnosed diabetes was associated with the level of familial diabetes risk in both sexes, across all age groups, among non-Hispanic whites and Mexican Americans, across all income categories, and among people who were obese. The prevalence of undiagnosed diabetes was found to be higher among non-Hispanic blacks in the moderate-risk category than among those in the averagerisk category, but no significant difference in risk was seen between those in the moderate-and high-risk categories. Similarly, prevalence slightly increased only between average-and moderate-risk categories in those with less than a high school education. A slight increasing trend in undiagnosed diabetes was present in the lowest BMI category, but the prevalence was almost the same across familial risk in the overweight group.
Family history as a risk factor for diagnosed and undiagnosed diabetes
The association between familial risk and self-reported and undiagnosed diabetes was evaluated using separate multivariate logistic regression models selected in accordance with the purposeful model selection method. 22 The presence of multiplicative interactions was evaluated for diagnosed diabetes, but NHANES, National Health and Nutrition Examination Survey; CI, confidence interval; GED, General Equivalency Diploma; BMI, body mass index. a As indicated by an FPG level Ն126 mg/dL among those who did not report having been diagnosed with diabetes. b "Other" race category excluded because of small sample sizes.
there was insufficient power to detect interaction effects for undiagnosed diabetes. As shown in Table 4 , diagnosed diabetes was strongly associated with having a high-risk family diabetes history (OR ϭ 7.5, 95% CI: 5.4 -10.3), being aged 60 years or more (OR ϭ 10.5, 95% CI: 6.4 -17.2), and being aged 40 to 59 years (OR ϭ 3.9, 95% CI: 2.2-7.0). A moderate-risk family history was also significantly associated with diagnosed diabetes (OR ϭ 2.8, 95% CI: 2.1-3.7), as were male sex and nonwhite race. No significant interactions were found between family history and other risk factors. The difference in magnitude between predicted risk ratios obtained from the marginal probabilities and OR estimates was comparable at a lower prevalence and increased with increasing prevalence, as expected.
As shown in Table 5 , a high-risk family diabetes history was also significantly associated with the prevalence of undiagnosed diabetes, although the association was not as strong as with diagnosed diabetes. Risk factors strongly associated with undiagnosed diabetes were age (OR ϭ 26.4, 95% CI: 5.4 -128.9 among those aged 60 -85 years; OR ϭ 8.5, 95% CI: 1.8 -41.6 among those aged 40 -59 years) and obesity (OR ϭ 7.5, 95% CI: 2.4 -23.7). The association between high-risk family history and undiagnosed diabetes was also significant (OR ϭ 4.6, 95% CI: 1.9 -11.3), followed by being male (OR ϭ 3.1, 95% CI: 1.7-5.7), as was the association between undiagnosed diabetes and being overweight (OR ϭ 2.8, 95% CI: 1.0 -8.4). Moderate family history was also associated with undiagnosed diabetes, although the association was not statistically significant (OR ϭ 1.3, 95% CI: 0.7-2.7). The magnitude of the predicted risk ratios was similar to the OR estimates.
Evaluation of family history as a screening tool for undiagnosed diabetes
To compare the effectiveness of the three-tier familial risk stratification system with that of a more blunt approach to family risk determination, we collapsed the moderate-and high-risk categories into a single level ("increased familial risk") and compared the results from this two-tier risk scheme with that of the three-tier scheme described above. We similarly examined the effectiveness of using BMI as a dichotomous variable (with the cutoff at Ն25 to correspond with screening guidelines for overweight) to screen for undiagnosed diabetes and of using the two risk factors in combination. Finally, we evaluated the effectiveness of age Ն45 years as an additional screening criterion by limiting the analysis to participants aged 45 to 85 years. As shown in Table 6 , when screening was based on a single risk factor, screening for high familial risk had the 
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highest specificity (94%) and positive predictive value (9.9%) followed by results based on screening for "increased" (moderate or high) familial risk (73% specificity, 5.3% positive predictive) and screening for a BMI greater than 25.0 (38% specificity, 4.2% positive predictive value). Conversely, sensitivity was highest for screening by BMI (88%), followed by screening by "increased" familial risk (48%) and screening by high familial risk (19%). The negative predictive values for the three screening methods were 97% for high-risk family history, 98% for "increased"-risk family history, and 99% for overweight. Screening by the combination of high family history and overweight had a higher specificity (97%) and positive predictive value (13.4%) than screening by either risk factor separately. Screening by "increased" family BMI also had a higher positive predictive value (6.9%) than screening by either alone; however, the specificity was slightly lower (81%). Adding age to the screening criteria increased positive predictive values to 14.9% for screening by high-risk family history, to 7.9% for screening by "increased"-risk family history, to 7.0% for screening by overweight status, to 21.0% for screening by high-risk family history and overweight status, and to 10.4% for screening by "increased"-risk family history and overweight status without negatively impacting other measures.
DISCUSSION
This study is the first to estimate the percentage of U.S. adults in each of three categories of familial risk for diabetes and to demonstrate the potential value of familial risk stratification as a diabetes screening tool on the basis of data from a nationally representative sample of the U.S. adult population. We showed not only that a family history of diabetes is a strong risk factor for both diagnosed and undiagnosed diabetes but also that diabetes prevalence is directly associated with the extent of the family history of diabetes, which also illustrates how the level of risk increases with increasing familial risk. Moreover, these results distinguish family history as a reliable, lowcost, noninvasive, and easy-to-use screening tool, alone or in conjunction with other risk factors for detecting undiagnosed diabetes.
Although having a high-risk family history of diabetes was associated with the prevalence of undiagnosed and diagnosed diabetes, the magnitude of association was smaller for undiagnosed diabetes. One possible explanation for this is that people with diagnosed diabetes are more likely to inquire about their family diabetes history than those who are unaware of their disease status. If so, enhanced public education about the association between one's family diabetes history and one's own diabetes risk could lead more people to assess their family history and, if they find a significant family history of diabetes, to seek diagnostic testing on their own.
The inherent tradeoff between sensitivity (true positive rate) and specificity (true negative rate) requires careful consideration of the goals of any screening test. 21, 23 The objective of using family history and other risk factors for diabetes as a population-based screening tool would be to identify people at high risk for the disease who could then be referred for further diagnostic testing. Therefore, a tool with both a high specificity (a low false-positive rate) and high positive predictive value (Bayesian probability that an individual has diabetes given that they have the risk factor[s]) is most preferred. Our results indicate that restricting screening to people in the highest familial risk group yields more desirable results than screening those in both the moderate and high familial risk groups. They also demonstrate that screening by familial diabetes risk (either for high risk only or for either moderate or high risk) has both higher specificity and higher positive predictive value than screening by BMI, two risk factors recommended by the American Diabetes Association for use to screen for diabetes. 5 More important, our results indicate that the positive predictive value of family diabetes history in detecting undiagnosed diabetes increases when BMI is used in combination with family history and that it almost doubles (without reducing the test's specificity) when age is also used. It is also important to note the negative predictive value of screening based on a high-risk family history of diabetes (98%) is almost as high as that of screening based on a BMI of 25.0 or higher (99%). The results of this analysis thus suggest that diabetes screening guidelines may be more effective if familial risk levels are taken into account. For example, overweight people in the high familial risk category may benefit more from frequent diagnostic screening tests than overweight people in the moderate familial risk category. Moreover, although the sensitivity (true positive rate) of screening based on a three-tiered familial risk stratification is lower than that of screening based on a two-tiered scheme, it would only lead to unnecessary testing in a small percentage of the population targeted for screening (3.9%) relative to the percentage that would be tested if screening were based on a two-tier model of family risk (19.3%). Although less rigorous screening guidelines for people in the moderate-risk group may seem more efficient and cost-effective, the benefits of following such guidelines must be carefully weighed against the costly complications of uncontrolled diabetes among people whose diabetes may not be detected.
Although the large sample size and use of clinical measurements in NHANES allowed examination of the relationship between three levels of familial risk and the prevalence of undiagnosed diabetes in the U.S. population, the results must be interpreted in the context of important limitations. First, the accuracy of self-reported family histories of diabetes has not been fully investigated in a population-based sample; however, the results of one recent study suggest that most people have a high level of knowledge about the diabetes status of their family members. 24 Moreover, the long duration of diabetes, the obvious nature and progression of its symptoms, and the lack of stigma associated with the disease are all factors that should reduce errors in self-reported family diabetes histories. Nevertheless, the possibility of recall bias in general, and a gender recall bias of family history in particular, remains. A second potential limitation is that our use of a single FPG value to ascertain undiagnosed diabetes may have resulted in misclassification bias. However, measuring FPG levels is currently the standard method for diagnosing diabetes and has been shown to have higher reliability and lower interindividual variation than other acceptable diagnostic tests. 5 A third limitation is that because we used data from a cross-sectional survey, we were unable to determine whether the associations we found were causal. However, because people with undiagnosed diabetes are by definition unaware of their disease status, they are no more likely than those without diabetes to know the diabetes status of family members. Finally, despite the large overall sample size, some of the subgroups analyzed contain relatively small numbers. Therefore, the prevalence estimates must be interpreted with caution and in the context of the high variability, as evidenced by the corresponding wide CIs.
Family history is increasingly recognized as a powerful, costeffective, and readily available screening tool for detecting common diseases such as diabetes. 9, 10, 18, 25 Nevertheless, despite its inclusion in many screening guidelines, family history continues to be underused in both clinical and public health settings, possibly because of a lack of data demonstrating its effectiveness. 25 The results from this analysis of populationbased, nationally representative survey data provide strong evidence that family history can indeed be an effective diabetes screening tool.
